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Boundary effects on solute transport in finite soil columns
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Abstract. This gudy investigates the influenceof inlet and oulet disturbances and
formulated boundry condtions onthe estimation d the dispersion coefficient and
retardation fador for short soil columns. Unsaturated miscible displacement experiments
utili zing a Br- trace were caried ou on undsturbed columns of a fine-textured Ultisol.
Solutions were goplied using either afritted plate or an array of dispensing tips that
produced droplets at a prescribed flow rate. One and two-layer anayticd solutions of the
advedive-dispersive eguation were fitted to eff luent concentrations using noninea least
squares parameter optimizaion. Comparison d two-layer simulations with experimental
dataindicaed that the analyticd solution with a semi-infinite interfaceboundary best
approximated effluent concentrations under the ndtions of this dudy. This lution
corresponds to a @mntinuows flux concentration and a maaroscopicdly discontinuows
resident concentration at the interfacebetween the soil and paous plates. Parameter
estimates were not significantly diff erent with respea to the goplication method sed at
theinlet. This may be atributed to alessuniform distribution o solution orto the soil
surfaceby the drip apparatus and/or by the presence of stagnant regions within the inlet
reservoir and henceincreased dispersionwithin the inlet platen apparatus. Two-layer
simulations indicated that the dispersion coefficient was underestimated by 14-27% when
the influence of theinlet and oulet apparatus were nat included in the fitted solution o
the alvedive-dispersive equation. In addition, wse of one-layer analyticd solutions caused
the retardation factor to be overestimated by no more than the fradional increasein pae

volume imparted by the platen apparatus.
1. Introduction

Studies of solutetransport are often limited to the analysis
of breakthrough curvesover relatively short longitudinal dis-
tances. For instance, soil verticd heterogeneity complicates
the analysis of transport and a complete description o the
mechanismsoftenrequiresthat eadsoil horizon be examined
separately. In modeling the data obtained, ore usesamedca
nistic model with appropriate boundary andinitial condtions
to fit experimental breakthrough curves and quantify model
parameters. When dspersivity islargein comparisonto the
distancefrom theinlet to the sampli ng point, the boundary
conditi ons used to formulate the solution to the model can
influencethe estimatesof parameter values. Inadditi on, plys-
icd disturbancesat theboundiriesbrought on by thepresence
of inlet and oulet apparatus or by spatially heterogeneous
applicaionratesat theinlet boundry may a so influencethe
results obtained from miscible displacement experiments.

Previous studieswhich have evaluated the suitabilit y of
prescribed boundry condtionsto predict measured solute
concentrationsin carefull y controll ed column experiments
[JamesandRubin, 1972 Parker, 1984 Novakowski, 19921
have addressed the cae of saturated flow in artificial, non
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readivemedia. Herein we @nsider readive solutetransport
in ursaturated, undsturbed soil columns. Solute transport
under these @ndtionsisof major importancein understand-
ing and determining the movement of contaminantsin the
vadose zone. Unsaturated transport in fine textured media
introduces ®veral difficultiesin conducting and analyzing
column experiments. First, the establi shment of unsaturated
flowincolumnsistypicdly caried out using outlet apparatus
that possesspoarly mixedreservoirs. Althoughthevolumeof
the lower reservoir can be minimized by enclosing afradion
colledor inavaaium, thisprocedurebecomesimpradicd for
large diameter columns at modest flow rates. Alternatively,
outlet effedscan be acourtedforinthenumericd solutionto
estimatethe anount of dispersionthat occursonlyinthemedia
[e.g. James andRubin, 1973. Sewndy, the use of readive
mediawith awiderangein particlesizemay introduce a ce-
tain degreeof locd norequili briumat high paewater veloci-
ties. Parker [1984 has $hown that the analytica solution
which prescribesafiniteboundry at boththeinlet and oulet
fail sto describe measured concentrationsin the extreme case
wherelocd equili brium between paeregionsisnot attained.
In this paper, we ae principally concerned with slow pore
water velociti es where such effeds are of minor importance
and hencethe one-region advedive-dispersive equation
(ADE) should provide agood descriptionto experimental
data. Theobjedivesof this gudy weretoeval uatethesuitabil -
ity of several posshble solutions of the advedive-dispersive
equationto describereadive solutetransport in soil columns
and to asssstheinfluence of theinlet and oulet apparatus
uponeffluent concentrations.
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2. Theory

2.1. Boundary Conditionsand Analysisof Resulting
Solutions
Thetransport of alinealy exchanging solutethrough aho-
mogeneousmediumunder steady stateflow condti onsisgen-
eraly described using the advedive-dispersive ejuation
aC, 3°C, aC,
R— =D -V— Q)
ot ox? ox
whereC, istheresident solutionconcentration,D isthelongi-
tudinal dispersioncoefficient, visthemean paevel ocity, Ris
theretardationfador describing solute sorption,tistime and
xislongitudinal distance. Concentrations measured in the
effluent, however, areflux averaged rather thanfluid volume-
averaged resident concentrations. Flux concentration, C; ,is
relatedtoresident concentrationthroughthe expresson[ Kreft
andZuber, 1979

C(x.t)

ac, (xt
- Cx) - (;ix) @

Itiseasily verified that substitution d (2) into (1) yieldsthe
samepartial differential equationexcept that C, isreplaced by
C.

Certain simplifying assumptionsabout how concentrations
areinfluenced by boundriesarenecessary toreducethephys-
icd complexity of solutetransport and oliain analyticd solu-
tionsto equation (1). Provided that moleaular diffusionis
negligible and solutetransport is purely hydrodynamicd, the
fluxinjedion d soluteinto the upper boundry such that sol-
ute velocities are propartional to velocities of the particular
flow paths causes concentrationsto beweighted by the com-
bined flow rates of all flow paths. Under these condtions, it
isagreed [Danckwerts, 1953 van Genuchten and Parker,
1984 Parker andvan Genuchten, 1984 Barry and Speito,
1988 Novakowski, 19925, Novakowski, 19924 that the cor-
redinletboundryfor fluxinjedionsof solutewitha concen-
trationof C,is

lim oC,
%0 vC - D ~
which is athird-type or spedfied flux boundry condtion.
Substituting (2) into (3) showsthat thisinlet boundary cond-
tionisequivalently expressed as
Coy = G 0
Such aboundary would describe, for instance, solution
trickled orto the surface aflow rates not excealing intake
rates. Equation (3) isapproximately corred for systemsin
which the surfaceisin contad with an entrancereservoir
provided that the reservoir is perfectly mixed and
hydrodynamicd dispersion,moleaular diffusion,andreverse
flowarenegli giblewithinthefore-sedion[van Genuchtenand
Parker,1984 Novakowski, 1992h. Inspedion d equation(3)
indicates that this third-type, continuouws flux boundary
condtionforcesresident concentrationsaaosstheinlet at x =
0to bediscontinuowsfor dispersive media.
Thespedficaion d the it boundary condtionfor asemi-
infinitesystemrequiresassumptionsabout thebehavior of the
resident concentration as x goesto infinity. Intuitivelyitis

= vGC, 3

plausible that the change in concentration with resped to
distancetendsto zeroasxgoestoinfinity [ vanGenuchten and
Parker, 1984 and hencethe outlet boundary could be
spedfied as
lim oG (XD 0 )
Koo IX

Implicit inthe semi-infiniteboundry condtionaboveisthat
exit boundriesdo ndinfluenceresident concentrationswith-
inthe olumn.

The frequently used Danckwerts boundary condition
[Danckwerts, 1953 for afinite column of length L assumes
that the solute concentrationis continuous aaossthe lower
boundxry (i.e. resident concentrations are equivalent to exit
flux concentrations). Thisassumptionresultsin the exit
boundiry condtion

aC, (L,1) _ 0 ®)
ox

wheretheoutlet boundry isat x=L.

Eadc of the &ove it boundary conditions, equations (5)
and (6), combined with the inlet boundiry condtionandthe
initial condtion describing a clumn freeof solute

C(x0 = 0 (7
yields particular analytical solution for equation (1).
Application of the semi-infinite it boundary condtion (5)
yieldsthe particular solution[LapidusandAmundson, 1957

C.(xt _
(XY Lol XM L1 exp[ﬁ()erfc Rx+vt
C 2 2/DRt) 2 D 2/DRt

®
Applicaion of the finite boundiry condtions (6) yieldsthe
particular solution [Brenner, 1962 van Genuchten and
Parker, 1984

o 2 PADt
ZBmsin[B—mx)exp vx_ vt P
C(x.b) :1_2 L 2D 4DR LR
C 2 (vL)? vL
oo o 35) 5
)
where B,,, arethe paositi veroats of
|3r2nD vL
BmCOt<|3m) - VL + E =0 (10)

The aove solutions for flux concentrations can be
transformed to sol utionsrepresenting resident concentrations
usingequation(2) [Kreft andZuber, 1978 vanGenuchten and
Parker, 1984. It should be emphasized that the éove
solutions diverge only for media possessng a large
dispersivity relative to the distance from the inlet to the
sampling paint. Thiscorrespondsto Pédet numbers 10.For
Pédet numbers = 10,thesolutionsof (8) and(9) are essentially
identicd (give absolutedifferences<0.01) and henceit makes
littl e differencewhat solutionis employed.

Theformulation o exit boundary condtions suitablefor the
analysis of solute transport in finite domains of highly
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dispersive mediahas beenthe subjed of considerablediscus-
sion.Danckwerts[1953 reasoned that to avoid theunaccept-
ableconclusionthat thesolute mncentration passesthrougha
maximum or minimumit isnecessary to set the resident con-
centration gradient to zero at the lower boundry. Parlange
andSarr [1978 conjedured that thelower boundary cond-
tionwill affed the cncentration profilewithinthe entire cl-
umn. Unliketheinlet where aboundiry layer can develop
upstream of the clumn entrance, noboundry layer can de-
velopdownstreamandeguation (6) must holdtoinsure conti-
nuity in concentrationat x = L [Parlange and Sarr, 1978
Parlangeetal., 1989. Parlangeetal.[ 1985 recommendthat
the semi-infinite solution (8) can be used safely only for col-
umn Pédet numbers (Pe = v-L/D) greaer than about four. In
contrast, van Genuchten andParker [1985 reasoned that al -
thoughresidentconcentrations shoudcertainly be mntinuows
aaossthe exit boundary at themicroscopiclevel, continuityin
concentrationwill not necessarily hold at the maaroscopic
level when discontinuiti esin medium propertiesareimpaosed.
Parlange et al. [1999 suggest that the semi-infinite solution
(8) shoud bereli able & Pédet numberslessthan 4 orly when
thereisnegligiblebad diffusionat x=L. VanGenuchten and
Parker [1989 rationdlized that when dspersionisgoverned
principaly by advedion,solutedistributionsinside thefinite
column shoud be unaffeded by the presence of an ouflow
boundiryimposed onthesolution d (1). Thisisaccompli shed
by consideringthe columnto bepart of asemi-infinitedomain.
Kreft andZuber [1984 pointed ou that an impli cit outcome
of theDanckwertsboundary condtion(6) isthat theboundary
ispermesabletoadvedion bu impermeableto dispersiveflow.
They added that sinceit is difficult envision how such a
boundiry could beredized, equation (6) isaless sitable g-
proximationthan conditi ons used for semi-infinite media.

When dispersionis determined primarily by variationsin
axial velocity, the cncentration rea theinlet would na adu-
alyshowthediscontinuityinconcentration predicted by equa-
tion(3). Asa mnsequence, thereflediveboundiry at theinl et
causes rapid forward dffusion o soluteinto regions of low
concentration [Nauman andMalli karjun, 1983. The move-
ment of soluteparticlesinand ou of theboundiriesfor apar-
ticular analyticd solution can be summarized by the quantity
termed relative olumn hddup,whichisthefradion d the
inpu solute mass $ored within the clumn ast approaches
infinity [vanGenuchten andParker, 1984 Barr yandSpgito,
1989. Analyticd solutions (e.g. equations (8) and (9)) that
predictarelativehd dup d unity compensatefor the enhanced
forward dispersion rea theinlet by permitti ng sol uteparticles
toreenter or acamulate & the outlet boundxry. Although the
reentry or acaimulation o soluteparticlesat thelower bound
aryisnatphysicdlyredisticforadvediveflow, thisphenome-
non permits analyticd solutions (8) and (9) to exhibit mean
residencetimesunaffeded by dispersion.Thisisuncondtion-
ally correct for closed systems [Danckwerts, 1953;
Zwietering, 1959 or equivalently for column experiments
where solute particlesdo nd flow upstreamand hence caana
reenter the domain orcethey have eited through the lower
boundxry.

From the previous discussonit is obvious that a set of

boundry condtionswhich may be physicdly unredisticis
necessarytoarrive a aproper solutionfor fluxconcentrations
at theoutlet when dspersionisgoverned principall y by varia-
tionsinaxial velocity. Thisisan uravoidableresult of usinga
parabali cequationto predict physicd processeswhich propa-
gatefinitelyintime andspace For many red systems, longitu-
dinal dispersionisessentiall y amixing process whereveloci-
tiesdo nd exceeal the maximum vel ociti es of the alvedive
motion.Thisviolation d redity by the ADE requiresthefor-
mulation of artificial bourdary condtions[Westerterp et al .,
1995. Consequently, any attempt to establish which set of
boundry conditions are most appropriate must consider the
deviations of the analyticd solutions from measurements as
ohtained by column displacement experiments. Simil ar argu-
mentswerepresented by Novakowski [19923; 19921 to dem-
onstratethat themost physicaly appropriateboundiry cond-
tionsfor the advedive dispersive ejuation could orly bere-
solved by using theresultsof physicd modeling experiments.

Theonly previous gudieswhich have cmparedthe analyti-
cd solutionsresulting from differing boundry condtionsto
measured concentrations are those of Parker [1984 and
Novakowski [19925, 19920). Parker [1984 investigated the
use of the flux-averaged transformation under stealy-state
condtions. Parker showsthat theresident concentrationsare
best represented by boundary condtions(3) and(5). Thefinite
solutionfor thelower boundary condtionfailed toyield cor-
red flux concentrationsin thelimit asD - «. However, the
column Pédet number obtained was small (0.02 andthere
waslimited interadion between largeandsmall poresat high
flow rates. Thefail ureof the Danckwertsboundiry condtion
to describe experimental dataisespedally notablefor aggre-
gated and fractured mediawhich have high fitted dispersion
coefficientsasaresult of largedifferencesinfluxandresident
concentrations[Parker, 1984. Under these @mndtions, how-
ever, equation (1) may nolonger apply and hence areament
between analyticd solutionsto (1) and measurementswould
bedifficult to assesswithregardstothe cwrred boundry con-
dition. Novakowski [1992a, 19921 carried out an in-depth
mathemati cd andexperimental evaluation d boundiry cond-
tionsfor solutetransport in columns padked with glassbeads
andtill (withsilt andclay removed). Mixingin bahtheupper
and lower reservoir was considered in the formulation o
boundry conditi ons. Novakowski [1992H foundthat the ana-
lytical model in which resident concentrations at the
boundxries were maaoscopicaly discontinuous best simu-
lated the measured concentrationsin the lower reservoir and
within the clumn.

2.2. Inlet and Outlet Boundary Disturbances

A difficulty sometimes encourtered in miscible displace
ment experimentsisthat someof the gpparent dispersionmay
be due to the experimental apparatus. Although ore-dimen-
sional infiltration is assumed to occur into the upper soil
boundiry, thismay not bestrictly truefor dripapplicationsand
insome caeswith paousplates[Sarr andParlange, 1977.
Anather problemwithregardtointerpretation o displacement
experiments isthe dfed platen inlet and exit apparatus can
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Figurel. Schematic diagram of transport in a two-layer
porous medium and associated coefficientsin ead layer.

haveupontheresulti ngflux concentrationsat theoutlet. Often
timesit may not be passbleto sufficiently minimizethefluid
volumecontainedwithinthe exit apparatus. Asa mnsequence,
the" true” residencetimedistributionfunctionisobscuredand
parameters estimated using the resulting flux concentrations
will therefore be in error [James and Rubin, 1972].
Novakowski [ 19921 avoidedthiscompli caion bythoroughly
mixing the upper and lower reservoir to establish a known
concentration with which to describe the column boundry.
Here, we aonsider platen type inlet and exit apparatus com-
monly employed in soil sinvestigations of unsaturated flow.
Under these conditi ons, mixingisnot complete andtheinletor
exit apparatus may behave morelike asecondlayer with ds-
tinct transport properties.

Asaming that solute flux concentrationswithin the media
andexit apparatuscan be gpproximated by atwo-layered sys-
tem[JamesandRubin, 1972 Leij andvanGenuchten, 19995,
the effeds of the eit apparatusupon @rameter estimatesfor
thetest media can beindiredly quantified (seeFigurel). Flux
continuity requiresthat v, = v-8/ 8, wherev, and g, aretheve-
locity and volumetric water content respedively in the exit
apparatusand fisthewater content of theporousmedia. If the
exit apparatusisnonreadive, R,= 1, thentheonly remaining
unknown isthe dispersion coefficient for the exit apparatus,
D.. The analyticd solutionfor resident concentrationsin the
seoond layer of atwo-layer medium with a first-type inlet
boundiry (4) andsemi-infiniteboundiries(5) at theinterface
andexit havebeen oltained by Shamir andHarleman[1967]
andLeijetal.[199]. Givenaprescribedflux boundry cond-
tionf(L,t), it iseasily shownthat by convolutionto oltainthe
inverseL aplacetransform, thesolutefluxconcentrationinthe
secondlayer withinitia condtion(7), aninlet boundary (4),
andthe &it boundxry (5) for the secondlayer yields

t

o ooy 1
Co 2-/D.m | t-1° (11)
exp{ (R -1 - vt - O]
4R.D,(t - 7)

for L <x<L,whereL.isthedistancefromthe columninlet to
the outlet. Equation (11) impli citly assumes that concentra-
tionsinthefirst layer arenat influenced by the exit apparatus
and henceflux concentrations at theinterface ca be gplied
to the second layer. The boundary condtion applied at the
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interfacecorrespondstothe analytica solution usedto oltain
f(L,t). For asemi-infinite boundary at theinterface f (L,t) is
described by equation (8) whereas for a Danckwerts-type
boundry condtion,f (L,t) isgiven by (9). A massbalance
condcted onequation (11) using either inlet condtionto de-
scribe f (L,t) demonstrates that both solutions are masscon-
serving.

The use of a Danckwerts-type boundiry condtion at the
interfacein equation (11) implicitly assumesthat there isno
dispersionin the secondlayer. In redity, there will be some
dispersionin the exit apparatus. Imposing continuity in resi-
dent concentration at the interface ad transforming to flux
concentrationsyields

v, oC(L"Y) ) E aC,(L"t)
R oX R oX

e

12

Equation (12) in conjunctionwith continuity in flux concen-
trations at theinterfaceforms asecondtypeboundry cond-
tion[Kreft, 1982 Leij, et al., 1997. The solutionin the
Laplacedomain for a semi-infinite secondlayer (5), inlet
boundary condtion (4), andinitial condtion (7) is [Kreft,
1981 Barry andParker, 1987

20e(142, e VL.élD_x) . ve-(x—;;(l—)»e)]
Ci(x9) = .
S(1+A)-(A+A) - (1‘1)‘()»e—)»)-eXp( —)Iva]
X>L (13)
x:(1+@)§ 1, - l+4sReDe]%
v2 V2

where sisthe Laplacetransform variable. Inspedion d the
solutionfor thefirst layer [e.g. Leij, etal., 1997 Leij andvan
Genuchten, 1995] shows that the properties of the seoond
layer influencethe concentration profil einthefirst layer. Un-
like equation (11), (13) impli esthat layer ordering will i nflu-
enceeffluent concentrations.

3. Materialsand Methods

Undisturbed soil columnswere olleded fromastudy site
in southern Costa Rica The soil i s afinetextured Ulti sol
(clayey kaolinitic semiadive isohyperthermic Oxyaquic
Hapludut) derived from sedimentary rocks rich in mafic
materials. Thebulk density of thesoil ranged from0.8Mgm
at the surfaceto approximately 1.1 Mg min the subsoil .
Columns of soil sampleswere ollededat 0to 15cm, 20to 40
cm, and 42to 57cmdepthscorrespondngtothe Ap/AB, Bt1,
andBt2 haizons, respedively. A total of eight columnswere
colleaedforthis gudy: threefromead of theAp/AB andBt1
horizons and two from the Bt2 haizon. Cylindricd soil
columns(10.1cmi.d.) wereisolated by incrementall y forcing
abeveled cutting edge cuped to apalyvinyl chloride pipe
over apreviously carved pedestal of soil. Theinterior of the
cutting edge and pdpe were aated with petroleum jelly to
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Figure 2. Schematic diagram of the column and associated
flow apparatus.

fadlit ate lubrication [Seyfried andRao, 1987 Cook ¢ al.,
1993. Excess il material at the bottom and top o the
cylinderswastrimmedflush. Thesoil waswell aggregatedand
only asmall amourt of smeaing resulted from the trimming
procedure.

Thebottomandtop d ead column werefitted with fritted
glassplates 6 mmthick (seeFigure2) with bubbing presaure
headsranging from-3.9t0 -5.1kPa. Contad between fritted
glassplates and the soil was fadlit ated by pladng a small
amourt of uniform fine-grade (#60sieve) sand between the
plate and the rough surfaceof the soil. Soil columns were
slowly saturated with 5.0mM CaCl, from the bottom porous
plate prior toaffixingthetop date assembly andiniti ating aset

of displacement experiments. Theinlet presaure head was
controlledwithaMariottedevice andtheoutlet pressurehead
wasmaintained by adjustingthe devation d theoutflow tube.
Oncecolumnsweresaturated, d splacement experimentswere
conducted uncer aunit hydrauli cgradient at seleded presaure
heads using 5.0 mM CaBr, as the influent solution.
Displacement experiments used to evaluate the adequacy of
formulated boundxry condti ons were conducted at -10,-11,
or 14cmof presaurehead. Displacament experimentsused to
evaluatethe dfed of boundary disturbanceswere mnducted
at-5cmor-7.5 d presaureheal (Table 1). Thebromidetrace
wasinjeded continuowsly only after asteady stateflux of 5.0
mM CaCl, had been establi shed. Significant effluent mixing
with dead volume of the lower manometer was avoided by
clamping the accsstube d theinitiation d the displacement
experiments. Flushing out theupper reservoir at theinitiation
of experiments[e.g. SeyfriedandRao, 1987andJardineetal .,
1993 wasnat posshble asthiscaused apartial desaturation o
the soil and a consequent deaeasein flow rates. As an
aternative, the upper manometer was clamped, rinsed and
refill edwithtrace solutionimmediately after theiniti ation o
ead displacanent experiment. Influent solution containing
the Br™ trace was continued for approximately five pore
volumes or until effluent trace concentrations were
approximately greaer than 93 of theinfluent concentration.
Only asingle displacement experiment was completed for
columns 5, 6, 8and 11 whereasatotal of threedisplacements
were completed for columns 1 through 4 (Table 1). Oncea
given bre&through runwas completed for aspedfied head,
columns 1 through 4were again flushed with 5.0mM CaCl,
solution to displacethe trace in the soil. During these
displacaments, the mlumn was saturated several times to
ensurethe euili bration d concentrationthroughoutall pores.
Thesuccealing bregthrough runat the next lowest head was
initiated when effluent CaBr, concentrations were
approximately lessthan 5uM.

Table 1. Physicd Parametersfor Column Displacenent Experiments

Presaure Inlet
Column® Horizon head 0 0.° L v-0° Pe? apparatus
cmH,0 cmicm®  cmPcm?® cm cmh?
Adeguacy of Formulated Bounday Conditions
1 Ap/AB -10.0 0.510 0.618 15.0 0.63 751 Plate
2 Ap/AB -10.0 0.497 0.624 150 0.67 5.65 Plate
3 Btl -10.0 0514 0.656 20.0 1.47 10.04 Plate
4 Ap/AB -11.0 0.636 0.680 14.9 111 459 Plate
5 Bt2 -10.0 0.547 0.588 149 0.82 7.39 Plate
6 Btl -10.0 0.554 0.610 20.0 217 252 Plate
8 Bt2 -10.0 0.568 0.573 14.9 158 191 Plate
11 Btl -14.0 0.618 0.636 20.0 117 273 Plate
Evaluationof Inlet Bounday Disturbances

1 Ap/AB -5.0 0.538 0.618 150 4.34 4.25 Plate
1 Ap/AB -5.0 0.538 0.618 15.0 4.36 3.78 Drip
2 Ap/AB -5.0 0.527 0.624 15.0 491 455 Plate
2 Ap/AB -5.0 0.527 0.624 15.0 5.03 475 Drip
3 Btl -5.0 0.535 0.656 200 5.58 6.09 Plate
3 Btl -5.0 0.535 0.656 20.0 5.40 591 Drip
4 Ap/AB -75 0.659 0.680 149 5.64 3.46 Plate
4 Ap/AB -7.5 0.659 0.680 14.9 5.65 3.90 Drip

ANumbers signify different columns.
b\olumetric water content of media & saturation.
Volumetric flux.

YNonlinear least squarefit of equation (8) to displacement experiments.
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Figure3. Batch adsorptionisothermsof bromidefor severa
horizons. Each pdnt for a given haizon represents a
repeaed measurement. Lines represent the least squares fit
of the linea isotherm to the data.

Uponthe ompletion o all displacementsusingtheupper
fritted plate asembly, columns 1 through 4 were saturated
with 5.0mM CaCl, andagain subjeded to apresaure head of
-50r-7.5cmH,0 (0.49 a 0.74 kPa). Oncestealy state flux
had been achieved at this pressure heal, the top fritted plate
asemblywasremovedtoall owthefluxcontroll edapplication
of trace solution wsing adrip applicaor (an aaylic reservoir
fitted with 34(30gauge) dispensingtips). Four displacement
experiments (columns 1 through 4) were aonducted using the
drip applicator to apply influent solution d 5.0mM CaBr, to
the soil surface(Table 1). Theflow rate of the drip applicator
was adjusted to match the mean flux rate obtained with the
fritted plate goparatusat -5 or -7.5cmH,0.

A final displacement experiment wascondicted to quantify
the degreeof dispersion generated by the outlet apparatus.
Influent 5.0 MM CaBr, was applied with 34 dspensing tips
(32 gauge) to the surfaceof the porous plate and associated
apparatus previously fill ed with 5.0mM CaCl,. A small
volume of solution (4 mL) was maintained onthe surfaceof
the porous plate to ensure that the entire plate was wetted.
Effluentwascoll ededfromtheoutl et tubewhichwaselevated
to aheight that maintained the small volume of solutionat the
surfaceof the plate. The flow rate of this displacement was
136¢m?® hitwhichisof simil ar magnitudetofluxratesthrough
the soil columnsat -10cmH,0 (-0.98kPa) presaure hea.

Effluent from the alumn displacement experiments was
colledted over uniformtimeintervalscorrespondngto 0.1to
0.15 paevolumes. Bromide concentrations in the dfluent
solutionweremeasured using anion-seledive dedrode. The
ionic strengths of CaBr, standards were aljusted with CaCl,
t0 0.015to matchtheionic strength of the dfluent exiting the
columns. The soil columns were weighed at saturation and
uponthe completion o ead displacement experiment. In
addition, the oven dry weight of the soil i n eat column was
measured after the completion o al transport studies. These
measurements permitted the determination d the volumetric
water content at saturationandat ead presaurehead (Table 1).

Thephysicd parametersfor ead d splacement experiment
areshowninTable 1. Experimentsexaminedfor the adequacy

of formulated boundary conditions were limited to
displacanentsat pressureheadsof -10cmof H,O (-0.98kPa)
or lessto avoid locd nonequili brium of adsorbed solute with
solution concentrations exhibited at higher mean pae water
velociti es[ Schwartz, 1999. The evaluation d inlet boundry
disturbances was limited to displacement experiments
conduwcted at slightly higher flow rates to insure amore
uniformared flux dstribution by the drip apparatus.
Dimensionlesseffluent concentrations[C; (L,t) - C; (L,0)]

/[C,- C; (L,0)] werefitted to equations (8), (9) and(11) using
an adaptive, model-trust region method d nonlinea, least-
squares parameter optimization[Denniset al., 1981 Dennis
and<chnalel, 1983.Convergenceproblemsandlocad minima
werena deteded for theminimization problemsof this gudy.
Theseries lutionin(9) wasobtained by summingthefirst 64
terms from small est to largest values. For the wlumn Pédet
numbers of this gudy, the sixty-fourth term was awaysless
thanthe arrent summationmulti pli ed by thedouldepredsion
machine accuracgy (2.2- 10*°). Where reguired, numerica
derivatives of the analyticd solution (9) were obtained by
Richardson extrapolation [Ridders, 1987. Theintegral in
equation (11) was evaluated using an adaptive @ght-paoint
Legendre-Gaussalgorithm. Thel aplaceransforminequation
(13) was numerically inverted using the modification o
Weeks' method dieto Garbow [198]. Measured effluent
concentrationswerefittedtotheone-layer ADE using L asthe
column length. For two layer models the distance from the
inlet to the eit boundary, L, is st equal to L + [4-V,
1(8,7-d%)] where V, is the volume of water contained in the
exit apparatusandd isthe @wlumn dameter (seeFigure 2).

Batchmethodswereusedto oktain Br- adsorptionisotherms
of air dry, two mmsieve soil samples coll ected immediately
adjacent to locdions where the olumns were mlleded. Six
grams of soil were washed threetimes with 5mM CaCl, to
saturate the exchange complex with Ca?* and CI. After the
final washing the supernatant was decanted and 30mL of
CaBr, solution at concentrations of 5, 3, 1and 0.5mmol L™
(i.e. 10, 6 2,and 1mmol L*of Br) was added to the washed
soil . Theionic strength of these sol utionswere maintained at
0.015 wsing CaCl,. These suspensions were mixed and
allowed to equili brate for 20 hous at 20° C. After the
designated time period, the suspension was centrifuged to
collect the supernatant. Bromide concentrations were
measured using an ion spedfic dectrode. Adsorbed
concentrationswere cdculated by subtradingthemol esof Br
measured in the equili brium solutionfrom the moles of eat
respediveanioninitially added.

4. Resultsand Discussion
4.1 BromideAdsorption

| sothermsobtai ned frombatch adsorptionexperimentswith
bromide(Figure3) werelinea withintherangeof equili brium
concentrations obtained (0.05to 0.9cmol L™ Br). A close
simil arity of Br adsorptionwith Br- desorption kreakthrough
curvesin hinary systems with CI” for these soils[Schwartz,
199§ provide further evidence that isotherms are
approximately linea. The small amourt of paositive charge
li kely resultsfromthepresenceof goethite, whichrangesfrom
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Table 2. Comparison d Parameters Obtained by Fitting the
Semi-Infinite and Finite Solutions to Measured
Concentrations

Semi-infinite solution, Finitesolution

Equation (8) Equeation (9)
Column? \% D R RSDP D R RSDP
cnmh! cm?ht x102 cm?ht x 102

1 123 245 150 109 286 150 116
2 134 357 157 075 445 157 066
3 287 571 200 063 638 200 066
4 175 568 116 098 745 116 116
5 149 301 304 069 352 303 0.77
6 393 311 153 096 565 148 1.08
8 279 217 289 072 451 270 097
11 1.89 138 140 105 216 135 145

*Numbers signify different columns.

Residual standard deviation

710 11 percent in these soil s, and an equili brium pH in batch

solutionsandcolumneffluent of approximately4.6] Schwartz,
1999. Since ayuili briumadsorptionisothermsof bromide ae
linea withinthe mncentrationrangeusedinthedisplacement
experiments of this gudy, the use of retardationfadorsin
equation (1) isjustified.

4.2 Exit BoundaryConditions

Theparametersobtainedfromthenorlinea | east-squaresfit
of equations(8) and(9) tomeasured concentrationsareshown
in Table 2. (For convenience, equations (8) and (9) are
heredter designated as the “semi-infinite” and “finite”
analyticd solutions, respedively.) The finite analytica
solutionconsistently predicted alarger dispersioncoefficient
than the semi-infinite solution (Table 2). Despite these
differences, predicted effluent concentrationcurvesof thetwo
anayticd models agreed closely (Figure 4). Theretardation
fador was not significantly (p = 0.149,n = 8) influenced by
thetypeof boundiry used. This suppatsthe as<ertion by van
GenuchtenandParker [1984 1984 that bothsolutionscan be
used to derive alsorption ar exchange coefficients from
column displacament experiments.

Figures5a and 5b povide asummary of thedeviationsof the
dimensionlessconcentrations measured in the dfluent from
the semi-infinite and finite one-layer analytica solutions,
respedively. Thedeviationsbetween measured and predicted
concentrations, termed residuals (i.e. measured minus

1.0

0.8

0.6

0.4

O Measured concentrations

Dimensionless Br” flux concentration

02 7 —— Semi-infinite fit
sy Finite fit
0.0 T T T T T T
0 1 2 3 4 5 6

Pore volumes

Figure 4. Observed Br effluent concentrations for column
8 at -10 cm H,0 presaure head and the correspondng fitted
finite and semi-infinite solutions.

Semi-infinite solution, 9C, (w,t)/ox = 0, fitted to: ()
0.02 — Equations (11) & (8)
— ~ Equations (11) & (9)
""" Equation (13)
0.01 - Data
12}
©
3 0.00
[}
Q
14
-0.01
-0.02
1 1 1 1
Finite solution, 9C (L,t)/@x = 0, fitted to:
0.02 Equations (11) & (8) (b)
— ~ Equations (11) & (9)
""" Equation (13)
0.01
12}
§ :
S 0.00
S —_
3 I¢
14 é @
-0.01
-0.02
I I I I I

0.0 0.2 0.4 0.6 0.8 1.0

Dimensionless Br” effluent concentration

Figureb. Variation of residual saaossconcentrationsfor the
semi-infinite (a) and finite (b) analyticd solutions. Points
and error bars are mean and 9% confidence intervals of
residuals, respedively, for a given concentration range.
Linesshow residual s predicted by fitti ngthe semi-infinite and
finite solutions to two-layer simulations with v = 3.0 cm h?,
6=057,D=15cmh*, R =2.0,L=150cm, L, = 16.35
cm, 8,=0.56,D,=0.56cmh*, and R, = 1.0.

predicted concentrations), areused hereinto asessthedegree
of discrepancy between the assumed boundry condtionsfor
ead model and the observed data. The finite analytica
solution had larger absol utevalues of residual sthanthe semi-
infinitesolution over nealyall concentrationranges(symbals

= 1.0+
L
g
g 0.8
(&)
c
o
2 | ®  Measured concentrations
c 0.6
g Semi-infinite fit
©
o 04 4
]
g Measured coefficients: Fitted coefficients:
-% 0.2 —t ve=284cmh?t ve=28lcmh?
-g / 0, = 0.598 cm® cm™ D, =056 cm?ht
0.0 -ore \ \ \ \ \ \
0 1 2 3 4 5 6 7

Pore volumes
Figure6. Displacament resultsfor the clumn apparatusand
fitted semi-infinitesolution. The porevolumescorresponding
to measured concentrations have been adjusted to refled the
travel timein the outlet tube (seeFigure 2).
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Table3. Comparison d Parameters Obtained by Fitti ng the Semi-infinite Solutionto Measured Effluent Concentrations for

Plateand Drip Apparatus Inlet Condtions

Plate apparatus Drip apparatus

Column Y D R RSD? Y D R RSD?

cmh? cm?ht x 102 cmh? cm?ht x 102

1 8.07 285 141 0.81 8.11 322 132 1.08
(£0.573 (+0.006) (+0.896) (+0.008

2 9.33 30.7 152 1.05 9.55 301 1.50 0.52
(+0.832 (+0.009 (£0.410 (£0.009)

3 104 343 2.02 0.48 101 34.2 195 0.49
(£0.340 (£0.009) (+0.350 (£0.009)

4 8.55 36.8 1.09 0.57 8.56 328 1.13 0.50
(+0.535 (+0.009 (£0.415 (+0.003

Asymptotic standard errorsare shown in parentheses.
8RSD, Residual standard deviation.

inFigure5a and 58 andconsequently larger residual standard
deviations (RSD) than the semi-infinite solution (Table 2).
(Here RSD is equivalent to the sum of squared residuals
divided by the model degrees of freedom.) The systematic
trendinresiduals howninFigure5wascharaderisticof both
analyticd solutions. Part of thedepartureof measured effluent
concentrations from the ADE may have been caused by a
small amount of physica nonequili brium which was
confirmed for these mlumns at higher pore water vel ocities
[Schwartz, 1999. In any case, aportion o the deviation o
predicted concentrations from measured concentrationsis
caused by the failure of equations (8) and (9) to include the
effeds generated by the outlet apparatus. The hypothetica
influence of the outlet apparatus upon measured
concentrations can be generated using atwo-layer transport
eguation given by (11) or (13). Thisisaacomplished by 1)
simulating exit concentrations at the outlet (L) using either
(11) or (13) and 2 fitting equations (8) and (9) to these
simulated concentrations to oltain residuals. Displacement
resultsshowninFigure6indicaethat thedegreeof dispersion
generated by the outlet apparatusis moderate & aporewater
velocity of 2.9cmh™. Accordingly, adispersioncoefficientD,
of 0.56cm? ht andamean paewater velocity of 3.0cmh?
were used to simulate cmncentrationsin the secondlayer
representing the outlet apparatus. Dispersion through the
outlettube(Figure2) wasassumedto benegli gible. Hencethe
cdculatedtravel timethroughthetube(0.055 housforv=3.0
cmh') wasadded tothetimescorrespondngto thesimul ated
concentrationsin Figure5.

Theresidualspredicted byfittingthesemi-infinite andfinite
solutions to two-layer simulations (i.e. simulated two-layer
concentrations minus predicted concentrations from aone-
layer fit) are shown in Figures 5a and 5b,respedively.
Although the residuals predicted by fitting either the semi-
infinite solution a finite solutionto two-layer simulations
largely fall within the 95% confidenceintervals of the adual
residuals, equation (11) with f (L,t) given by (8) best
reproduces the systematic positive and negative trends
exhibited by thedata. The d ose agreement betweenequations
(13) and (11) with f (L,t) given by (9) is expected since
dispersionin the outlet apparatusis amall relative to the
dispersionin the porous media. Although the dfects of the
inlet apparatuswerenat included inthesimulations shownin
Figure5,inclusion d such effedsinthisanaysiswould oy

magnifythepasiti ve and regativeoscill ationsexhibited by the
residuals smulated in Figure 5. These results suggest that
equation (11) with the interfaceflux given by (8) best
describesthe fluentconcentrationsat theoutlet. Thisimplies
that the resident concentrations at the interfacebetween the
soil and paous plate ae discontinuous, at least in a
maaoscopic sense. Novakowski [19928 also foundthat the
solution which forced discontinuities in resident
concentrationsat theinterfacebetweentheoutl etreservoirand
theporousmediaprovided abetter fit tothe experimental data.
Comparison of dispersion coefficientsin Table 2 with the
moleaular diffusionof 0.075cm?h*for Brrinwater [Rokinson
and Sokes, 1959 indicates that the gparent dispersion
produced at these mean velociti esfor these soil columnswas
largely (>97%) controlled by variationsin axial velocity.
Hence, the better fit provided by the semi-infinite solution
suppatsvanGenuchten andParkers’ [1989 rationali zetion
that solute distributions inside the finite amlumn shoud be
unaffeded by the presence of an ouflow boundry when
dispersionisgoverned principally by advedion.

4.3 Inlet and Outlet Boundary Disturbances
Dispersioncoefficientsandretardationfadorsobtained by
fitting (8) to effluent concentrationsfromcolumnswith platen
anddrip-typeinlet apparatusareshownin Table 3. Therewas
ohbviously a dose simil arity between effluent concentrations
obtained using either inlet device (Figures 7 and 8. Paired
comparisons of fitted parameters obtained with paous plate
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Figure 7. Observed Br eff luent concentrations for column
2 using the fritted glass plate gparatus and the drip
appli cation method.
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Figure8. Observed Br effluent concentration for column 4
usingthefritted glassplate gpparatusandthedrip applicaion
method.

and drip apparatus yielded nosignificant differencefor the
dispersion coefficient (p = 0.884 n = 4) and the retardation
fador (p=0.314 n=4).

Equation(11) inconjunctionwith (8) isusedtointerpret the
experimental data andinvestigatetheinfluenceof theinletand
outlet apparatus uponeffluent concentrations. Theinfluence
of theoutlet apparatusuponthe dfluent concentrationsisfirst
consideredwithoutincludingthe €fedsof theinletapparatus.
The dfeds of both theinlet and oulet will be addressed
subsequently. Equation (11) with the third-type interface
boundxry f (L, t) described by the semi-infinite solution (8)
was fitted to olbserved concentrations using noni near least
squaresregresson.Forthisanalysis, thedispersioncoefficient
of the outlet apparatus is assumed to be proportional to
velocity such that D /v, isconstant and equivalent to theratio
obtained fromthe breakthrough curvein Figure 6. Thesefits
yielded areductionintheresidual standard deviationrelative
totheone-layer semi-infinite eguationinten ou of thesixteen
cases hown in Tables 2 and 3.Thisis animportant result
since intheory, alower residual standard deviationcanna be
obtained by fitting aone-layer model (8) to two-layer system
simply by setting L equal to L. The dispersion coefficients
obtainedfromtheone-layer semi-infinitesolutionfitin Tables
2 and 3are underestimated by abou 14 percent when the
effed of the outlet apparatus was considered (Figure 9a). In
contrast, James andRubin [1977 foundthat the dispersions
coefficient obtained fromthe one-layer treament were 24to
67 percent greaer than the dispersion coefficient obtained
fromthetwo-layer treament. Thediscrepancy betweenthese
studiesis due to the low dispersivity and hence particularly
large Pédet numbers (63 < Pe < 387) obtained for the glass
bead columnsused by JamesandRubin[1972. Thediredion
and degreeof thedeviation d thefitted ore-layer dispersion
coefficient from the fitted two-layer dispersion coefficient
essentially depends uponthe values of the mefficientsin
equations (8) and (11). For column apparatus smilar to that
usedinthis gudy andfor relatively dispersivemediasuchthat
thecolumn Peislessthan or equal tothe exit apparatusPe, the
dispersion coefficient obtained from fitti ng the one-layer
semi-infinite solution will underestimate the dispersion
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Figure9. Comparison of the (a) dispersion coefficientsand
(b) retardation fadors obtained by fitting one (equation (8))
and two-layer (equation (11) with (8)) models to measured
eff luent concentrations.

estimated fromatwo-layer treament. Figure9b cemonstrates
that theretardationfadorsare overestimated by nomorethan
thefradional increasein pae volumeimparted by the outlet
apparatus (i.e. LJ/L - 1 when 0, = 0). Thelinea response
exhibited by the crrelations of one and two-layer fitted
coefficientsin Figures9a and 9bisaresult of forcing D /v, to
be constant in conjunctionwith anealy linea variationin D
with resped to v for the soil horizonsinvestigated.

The above results appea to contradict the precaling
findingsthat indicate that the presence of theinlet apparatus
hasnoeffed uponthe estimation o thedispersioncoefficient
andretardation fador. Recadli ng that layer ordering has no
influenceuponeffluent concentrationspredicted by (11), bath
the outlet andinlet apparatus can betreaed asasingle layer
provided that they have identicd dispersion coefficients.
Under these andti ons, theinl et apparatuswould havenealy
identicd effea uponthe dfluent concentrationsasthe outlet
apparatus. Yet inspection of Table 3 demonstrates that
displacaments condwcted oncolumns with and without the
inlet porous plate gparatus exhibited esentially the same
degreeof dispersion.Ladk of asignificant differencebetween
porous plate and drip apparatus may be aresult of an
insufficient number of displacement experimentsto detectany
red differences. Theseresults may also be a @nsequence of
1) alessuniformdistribution d solution ortothe soil surface
by the drip apparatus and/or 2) alarge dispersion coefficient
for the porous plate gparatusat theinlet dueto bypassflow.
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Starr andParlange[1977 foundsuch flow irregulariti es
generated at the inlet boundary to increase the gparent
dispersionand hencetaili ng at the outlet. Flow irregularities
within the inlet reservoir may induce adifferent effed. The
relatively high vel ocity streamentering thereservoir could be
transferred rapidly through the plate thereby bypassng a
portion d the more stagnant reservoir and increasing the
apparent dispersionwithinthe goparatus. A large dispersivity
for the inlet apparatus would in turn nearly negate its’
influence uponeffluent concentrations at the outlet. Thisis
demonstrated by nating that as D — « and hencetheinterface
flux concentrationf (L, t) - 1fort>0, C; (X, t)/C, in equation
(12) approaches C; (x, t)/C, in equation (8).

Thedetermination d theinfluenceof bathinlet and outlet
uponfitted parametersisnat feasiblewithou aknowledge of
the dispersionin the upper porous plate assembly. With the
asuumptionthat inletand oulet dispersionisequivalentandL,
=L +2.7cm, theleast-squaresfit of equation(11) withf (L, t)
given by (8) to effluent concentrations suggests that the
dispersion coefficientsin Tables 2 and 3(porous plate only)
are underestimated by about 27%. If dispersionin the upper
porous plate asembly islarger than the outlet apparatus, the
underestimation d D more likely ranges from 14 to 27%.
Consistentwiththetwo-layer analysesof theoutlet apparatus,
inclusion of theinlet apparatusin the two-layer fits suggests
that retardationfadorsin Tables 2 and 3(porous plate only)
areoverestimated by nomorethan[(L.+L;)/L] - LwhereL;is
the effedivelength of the clumninlet apparatus.

5. Conclusions

Experimental and simulated results were presented to
evaluate the suitability of several posgble solutions of the
advedive-dispersive gquationto describe readive solute
transport in soil columns. The analyticd solutionsdifferedin
the manner in which theinterfaceboundry between the soll
and the lower porous plate was described. Finite and semi-
infinite solutions were observed to provide substantially
different estimatesof thedispersioncoefficient. Thedeviation
insimulated from measured effluent concentrationsindicaes
that a semi-infinite interfaceboundary best approximates
solute transport for columns at Péd et numbersranging from
2to 10.This solution corresponds to a continuous flux
concentration and a maaoscopicdly discontinuois resident
concentration at the interface Under the condtions of this
study, diffusionof Br- canacoun for nomorethan 3% of the
apparent dispersion and hencelittl e back mixing shoud be
expededaaosstheinterfaceboundiry. Sinceunder aforward
advedion daminated system it is physicaly impossbleto
know concentrationsor solutefluxesat downstreamlocaions
or outflowboundariesat futuretimes, it seamsappropriatethat
boundriesshoud beremote andfar removed fromany solute
mass Anequivaentboundry naturaly arisesfromarandam
walk of particles with afixed forward velocity and randam
longitudinal displacements.

Theinfluenceof theinlet and oulet apparatusuponeffluent
concentrations and predicted |east-squares parameters was
asoinvestigated. Modificationsinthemannerinwhich solute
entered the soil boundiry generated by the platen typeinlet
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apparatus and an array of dispensing tips that produced
dropletsat approximately thesamefluxeswereinsufficientto
significantly alter the observed effluent concentrations and
fitted parameters. Fail ure to include the outlet and inlet
disturbancecreaed by porousplatesinthe analysisof effluent
curves caused thedispersioncoefficient to beunderestimated
by 14to 246 for the mndtionsof this gudy. In addition, the
retardation fador was overestimated by no more than the
fradional increasein paevolume imparted by the platen
apparatus. When pred se estimatesof parametersarerequired,
the two-layer solution described by equation (11) with the
interfaceflux concentrationgiven by one-layer semi-infinite
solution(8) shou d beutili zedtoestimateparametersprovided
that an estimate the dispersion generated by the outlet
apparatusisavail able.

Notation

Co soluteconcentrationinthe entrancereservoir, M L,

C flux concentration,M L=,

C, resident concentration, M L=,

d column diameter, L.

D longitudinal dispersioncoefficient of the porous
media, LT

D, dispersion coefficient of the exit apparatus, LT

D, longitudinal dispersion coefficient of the porous
media using two-layer tregment, L> T,

L columnlength, L.

L, effedivelength of exit apparatuspluscolumnlength,
L.

L, effedivelength of inlet apparatus, L.

n number of observations

p p-value, probability of wrongly rejeding the null

hypothesisif itisinfad true.

column Pédet number, Pe=vL/D.
retardationfador of the porous media.
retardationfador of the outlet apparatus.

time, T.

mean porewater velocity, L T

mean vel ocity of water in exit apparatus, L T™.
void volume of exit apparatus, L°.
distancefrominlet, L.

volumetricwater content of theporousmedia, L3L >,
volumetricwater content of theporousmedia, L3L 3,

< <
< ITT

D D X
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